
1. Introduction
Magnesium (Mg) is approximately 30 times more abundant than calcium (Ca) at a planetary scale (Allegre 
et al., 1995). While Ca carbonates form one of the planet's largest carbon reservoirs, the precipitation of anhy-
drous Mg carbonate (e.g., magnesite) is extremely slow at ambient temperatures due to the strong hydration 
energy of aqueous magnesium (Saldi et al., 2009). Hydromagnesite 𝐴𝐴 (𝖬𝖬𝖬𝖬5(𝖢𝖢𝖢𝖢3)4(𝖢𝖢𝖮𝖮)2 ⋅ 4𝖮𝖮2𝖢𝖢) is more common 
in natural terrestrial environments (Braithwaite & Zedef, 1996; Lin et al., 2017; Oskierski et al., 2021; Power 
et al., 2009, 2014, 2019; Wilson et al., 2006), and is potentially present in Jezero crater, Mars (Horgan et al., 2020; 
Scheller et al., 2021). Interest in hydromagnesite is growing due to its potential capacity to store 𝐴𝐴 𝖢𝖢𝖢𝖢2 by mineral 
carbonation (Oskierski et al., 2021; Wilson et al., 2006) and a detailed understanding of the formation mecha-
nisms of hydromagnesite are required to exploit the potential of mineral carbonation.

Abstract Hydromagnesite 𝐴𝐴 (𝖬𝖬𝖬𝖬5(𝖢𝖢𝖢𝖢3)4(𝖢𝖢𝖮𝖮)2 ⋅ 4𝖮𝖮2𝖢𝖢) is a common hydrated magnesium carbonate mineral 
found in alkaline lakes on Earth, potentially present on Mars, and is also a key mineral for carbon capture 
and storage. However, mechanisms governing its formation in alkaline lakes remain enigmatic. Extensive 
hydromagnesite formed during the Holocene in the alkaline Dujiali Lake (DL), central Qinghai-Tibetan Plateau, 
making it an ideal field site to constrain the process of hydromagnesite formation in a modern environmental 
context. In this study, we report a set of magnesium isotope ratios (𝐴𝐴

26𝖬𝖬𝖬𝖬∕24𝖬𝖬𝖬𝖬 expressed as δ 26 Mg) data 
from DL on abiotic hydromagnesite (mean = −1.35‰ ± 0.14‰) modern lake waters (−0.07‰ to +0.46‰), 
and rivers and groundwater (−0.53‰ to −1.46‰). These differences in δ 26 Mg (and also Mg/Ca) are most 
likely caused by low-Mg carbonate precipitation, a process which fractionates Mg/Ca and 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values. A 
semi-quantitative box model of the lake chemistry was developed based on carbonate equilibria to investigate 
the behavior of Mg isotopes during the evolution of the lake chemistry. The modeling results indicate that 
evaporation concentrates solutes in the lake driving saturation of multiple minerals. Aragonite reaches 
saturation before hydromagnesite, preferentially removing Ca relative to Mg via aragonite precipitation. This 
process elevates the Mg/Ca of the lake and the saturation index of hydromagnesite, increasing the likelihood of 
hydromagnesite formation. Given that the Mg/Ca ratio of many alkaline lakes is far below than that required for 
the formation of hydromagnesite, our findings suggest that low-Mg carbonate precipitation may be a common 
precursor process for abiotic hydromagnesite precipitation in evaporative environments in addition to a high Mg 
source likely derived from ultramafic rocks.

Plain Language Summary Hydromagnesite 𝐴𝐴 (𝖬𝖬𝖬𝖬5(𝖢𝖢𝖢𝖢3)4(𝖢𝖢𝖮𝖮)2 ⋅ 4𝖮𝖮2𝖢𝖢) is a common hydrated 
magnesium carbonate mineral on the Earth and is suspected to be present at the Jezero Crater on Mars. 
Hydromagnesite formation requires high Mg/Ca ratios, typically associated with the weathering of ultramafic 
rocks. However, the Mg/Ca ratios of the input waters associated with ultramafic rocks in most of the settings 
are seldom high enough for hydromagnesite precipitation in alkaline lakes. Our study suggests that although 
ultramafic Mg source rocks are important for hydromagnesite precipitation, the removal of Ca through 
Ca-carbonate formation is an essential precursor process for increasing the Mg/Ca ratio under intense 
evaporation conditions to induce spontaneous hydromagnesite precipitation.
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Hydromagnesite is common in (a) altered ultramafic rocks (Oskierski et  al.,  2021; Wilson et  al.,  2006), (b) 
as an authigenic mineral in alkaline lakes and playas (Braithwaite & Zedef, 1996; Chagas et al., 2016; Power 
et al., 2009; Zeyen et al., 2021), and (c) in karstic cave systems as speleothems and “moonmilk” (Broughton, 1972; 
Canaveras et al., 1999). Hydromagnesite is typically associated with high aqueous Mg/Ca ratios and high alka-
linity (𝐴𝐴 𝖧𝖧𝖧𝖧𝖧𝖧−

3
  + 𝐴𝐴 𝖢𝖢𝖢𝖢2−

3
 ) (Braithwaite & Zedef, 1996; Chagas et al., 2016; Lin et al., 2017; Power et al., 2009; 

Zeyen et al., 2021). Hydromagnesite formation in a natural setting has been directly linked to the Mg/Ca ratios 
of formation waters (Chagas et al., 2016; Fischbeck & Müller, 1971; Zeyen et al., 2021). In alkaline lakes, a 
high Mg/Ca ratio (e.g., >39; mol/mol) is always required for hydromagnesite formation (Chagas et al., 2016), 
even when the hydromagnesite is microbially mediated (Power et al., 2009; Shirokova et al., 2013). An even 
higher Mg/Ca ratio is required for hydromagnesite formation in laboratory settings (Sun et al., 2002; P. Zhang 
et al., 2021), and low-temperature thermodynamic calculations (Königsberger et al., 1999). Alkaline lakes and 
playas associated with hydromagnesite formation are usually associated with water inputs dissolving mafic and 
ultramafic rocks (Braithwaite & Zedef, 1996; Power et al., 2009; Zeyen et al., 2021). The dissolution of mafic 
and ultramafic rocks is thought to provide an abundant source of Mg, but the Mg/Ca ratios of waters draining 
mafic and ultramafic rocks are not always high enough for hydromagnesite formation (Last et al., 2010). High 
Mg/Ca ratios are atypical of terrestrial fresh waters. There are few experimental studies demonstrating direct 
hydromagnesite nucleation at Earth surface temperatures (Berninger et al., 2014; Gautier et al., 2014). There-
fore, many studies emphasized the potential role of microbes in mediating hydromagnesite formation in alkaline 
lakes (Power et al., 2009, 2014, 2019; Sanz-Montero et al., 2019; Zeyen et al., 2021). Power et al. (2007, 2019) 
proposed hydromagnesite may be transformed from the more hydrated Mg-carbonates dypingite. Alternatively, 
an amorphous magnesium carbonate phase could possibly serve as precursor for hydromagnesite crystallization 
(Fukushi & Matsumiya, 2018; Zeyen et al., 2021). Consequently, hydromagnesite formation processes in alkaline 
lake environments remains under-constrained.

Mg isotopes are an emerging geochemical tracer that are known to fractionate during precipitation of carbonates 
and silicates from aqueous fluids, and are thus useful for quantifying carbonate precipitation processes (Harrison 
et al., 2021; Hindshaw et al., 2020; Li et al., 2012; Mavromatis et al., 2021; Oelkers et al., 2018; Tipper, 2022; 
Tipper et al., 2006a, 2008). In this study, we present Mg isotope data (𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬∕24𝖬𝖬𝖬𝖬 expressed as 𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬 in per mil 

units) and Mg/Ca data on lake waters, incoming stream and groundwaters, lake sediments, and related hydromag-
nesite in the well-studied alkaline Dujiali Lake (DL) in Tibet (Lin et al., 2017, 2019a, 2019b), and compare these 
to global databases of waters and other alkaline lakes where hydromagnesite forms. DL is undersaturated with 
respect to hydromagnesite in the present day, but in the recent past (Holocene), substantial volumes of hydromag-
nesite have been deposited from DL. We show that the modern input waters to the lake have low Mg/Ca ratios 
typical of global databases of rivers. Combined with a box model of the lake chemistry we investigate the behav-
ior of the carbonate system and δ 26Mg during the evolution of the lake chemistry to suggest why hydromagnesite 
does not precipitate in the modern environment but did precipitate in the Holocene. We show that the evaporation 
drives the alkalinity and the Mg/Ca ratio of lake waters to increase via low-Mg carbonate precipitation (e.g., 
aragonite), eventually driving the supersaturation of abiotic hydromagnesite. Mg isotope ratios provide a unique 
constraint on the precipitation parameters. Our results identify a mechanism for the formation of hydromagnesite 
that contributes to an improved understanding of hydromagnesite formation in natural settings. The experimental 
and modeling protocol provides opportunities for calibrating the chemical conditions of hydromagnesite forma-
tion in alkaline lakes.

2. Site Description
DL is located in the central Qinghai-Tibet Plateau (QTP; Figure  1, China, 4,524 m above sea level) (Lin 
et al., 2017, 2019a, 2019b). It formed as a subsiding sub-basin located within a larger Cenozoic faulted basin 
that comprises neighboring Lake Selin Co (Siling Lake or Qilin Lake, the largest lake in Tibet). The modern lake 
has a surface area of 𝐴𝐴 80 km

2 and is approximately 3 m deep. Geomorphologically, the DL basin is characterized 
by multi-stepped terraces covered by Quaternary sediments, a heterogeneous mixture of gravel, sand, silt, clay, 
and salt deposits (Zheng et al., 2002). There are limestones, andesite, mudstone, and coarse-grained clastic sedi-
ments surrounding the lake, but few ultramafic rocks at the surface in the vicinity of DL (Lin et al., 2017; Zheng 
et al., 2002). The chemistry of input waters is thought to be influenced by dissolution of ultramafic minerals 
based on the distribution of rare earth elements (Lin et al., 2019a). The lake-bed is known to have been dry in 
the 1980s with the present water volume and solute mass having accumulated since that time. Significant lake 
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expansion has occurred in QTP in recent decades (Liu et al., 2021), including DL, due to the increase of precipi-
tation and meltwater from ice. DL has not been connected to any of the neighboring lakes in the Holocene (Zheng 
et al., 2002).

The climate is cold continental, sub-humid to semi-arid with an annual mean temperature of 0𝐴𝐴
◦𝖢𝖢 (range of −22 

to 17𝐴𝐴
◦𝖢𝖢 ). DL is frozen in winter for around 5 months each year (November to March). The mean precipitation 

is < 200 mm and the mean evaporation is 2,400 mm (Zheng et al., 2002). This resulting moisture deficit helps 
maintain the elevated salinities of most of the lakes in the QTP. DL is a closed endorheic basin that is primar-
ily recharged by meteoric water and seasonal rivers with no visible evidence of groundwater recharge (Zheng 
et al., 2002). At the present day, the hydrochemistry of the lake is alkaline (pH = 9.37) and carbonate-dominated. 
Total dissolved solids (TDS) are 1.5–9.3 g/L with 𝐴𝐴 𝖭𝖭𝖭𝖭+ , 𝐴𝐴 𝖪𝖪+ , 𝐴𝐴 𝖬𝖬𝖬𝖬2+ , 𝐴𝐴 𝖲𝖲𝖲𝖲2−

4
 , 𝐴𝐴 𝖧𝖧𝖧𝖧𝖧𝖧−

3
,𝖧𝖧𝖧𝖧2−

3
 , and 𝐴𝐴 𝖡𝖡4𝖮𝖮

2−
7

 being the domi-
nant ions (Lin et al., 2017).

DL is one of the few modern environments on the Earth's surface where there has been extensive hydromagnesite 
precipitation during the Holocene. Hydromagnesite deposits were distributed in bands around the margins and 
within the lake, which is thought to have periodically dried to form a playa. The Holocene hydromagnesite depos-
its occur in the first lake terrace in the northwest of the lake (Figure 1) and formed between 6090 ± 25 Cal a BP 
to 5835 ± 30 Cal a BP (Lin et al., 2017). These deposits are up to 6 m thick above the present lake surface and 
are parallel to the current local topography (Figure 1c). Carbon isotope measurements (δ 13C) from the hydromag-
nesite appear to vary systematically across the vertical thickness of the hydromagnesite deposit, suggesting the 
hydromagnesite might have formed as one continuous depositional event rather than multiple episodes of peri-
odic drying (Lin et al., 2017). The precipitation of hydromagnesite is believed to be an inorganic process at DL, 
with the dissolved inorganic carbon that contributes to the hydromagnesite thought to originate primarily from 
the atmosphere (Lin et al., 2017). The hydromagnesite directly overlays Quaternary sediments and is distributed 
in an east-west direction, with a length of about 2 km and a width of about 0.3 km. The hydromagnesite sediments 
are bright-white, dry, and clay-like with a weathered surface crust. The deposits are mostly hydromagnesite (wt.% 
95%–98%), with aragonite (wt.% 2%–5%), as determined by X-ray diffraction (XRD) and X-ray fluorescence 
(XRF) analyses (Lin et al., 2019b).

Figure 1. (a) Satellite map (from https://earthexplorer.usgs.gov/) for the area surrounding Dujiali Lake (DL), showing nearby 
lakes where hydromagnesite deposits are found. The distribution of ultramafic rocks is shown. (b) Zoomed-in area of DL 
showing sample locations, and (c) photo of the hydromagnesite deposit.
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3. Material and Analytical Methods
3.1. Sample Collection and Description

Twenty-six hydromagnesite samples were collected equidistantly from different horizons of the hydromagnesite 
deposit after the removal of the weathered surface crust and numbered 1 (bottom) to 26 (top) in March 2015. 
In addition, three lake sediments were collected from the lake bottom. The lake sediments were collected from 
different locations of the lake at various depths using a Shaw backpack core drilling mechanism. The lake sedi-
ment sample DJZS01 was collected from the lake bottom at 40 cm sediment depth under 200 cm of lake water 
beneath a 30 cm ice layer in the eastern part of the lake. The lake sediment sample DJZS06 was collected from 
the lake bottom with 10 cm sediment depth, under 40 cm depth lake water beneath a 10 cm-thick ice layer in the 
southern part of the lake. The lake sediment sample DJZS05 was collected from the surface of the lake bottom 
under a 30 cm-thick ice layer in the northern part of the lake.

Three stream water samples and one groundwater sample were collected from inflowing streams and the lake 
littoral zone (Figure 1). The groundwater DJS01 was collected from a 10 m deep well close to the lake. Stream 
water DJS02 flowed from an alluvial fan flowing into the north of the lake. Stream water DJS03 is supplied by 
glacial meltwater from distant glaciers. Stream water DJS04 recharges the lake that flowed through an alluvial fan 
in the southwest of the lake (Qu et al., 2011). At the time of sampling, there were no other streams observed to be 
supplying water to the lake. However, geomorphologically a dry stream channel was observed in the northwest 
region of the lake that is thought to flow in times of seasonal meltwaters. Six lake waters were collected after 
breaking the ice on the lake. All water samples were filtered on collection (0.45 μm nylon membrane filters) at 
the field site into polyethylene bottles that were pre-rinsed with each filtered water sample, with no head space. 
These samples were transferred to the hydrochemistry laboratory in the Institute of Mineral Resources, CAGS, 
and stored at 4𝐴𝐴

◦𝖢𝖢 until analysis.

3.2. Characterisation of Solid and Water Samples

The mineralogy of hydromagnesite deposits and lake sediments was determined by XRD using an X-ray diffrac-
tometer (TTR-3, Rigaku Corp, Tokyo, Japan). The XRD was operated at 45 kV and 30 mA and used Cu Kα radia-
tion (λ = 1.54056 Å). To constrain clay mineralogy, XRD on the clay mineral fractions (<2 μm) of lake sediments 
powders was conducted on both the air-dried oriented clay sample (N), ethylene glycol-saturated clay sample 
(EG), and 550𝐴𝐴

◦𝖢𝖢 heated clay sample (T). The clay fraction (<2 μm) was separated from dried lake sediments 
by centrifuging suspensions in distilled water and decanting the supernatant and drying at 40𝐴𝐴

◦𝖢𝖢 . The mineral 
compositions and their relative proportions of the bulk rocks and clay minerals in the purified clay samples were 
obtained using the Clayquan (2016 version) program with Rietveld refinements methods. The relative analytical 
error is ±5%. The major element compositions of lake sediments were determined using XRF spectrometry. 
Fusion glasses were prepared by mixing the sample with an alkaline flux 𝐴𝐴 (𝖫𝖫𝖫𝖫2𝖡𝖡4𝖮𝖮7) in the proportion 1:8. The 
analytical precision was better than 5% for repeated analyses. Chinese national rock standards were used for cali-
bration. Loss on ignition was determined by weighing samples before and after 1 hr of heating at 1075 ± 25𝐴𝐴

◦𝖢𝖢 .

The concentration of major elements except for silicon (as 𝐴𝐴 𝖧𝖧4𝖲𝖲𝖲𝖲𝖲𝖲4 ) for all the water samples were analyzed and 
reported by Lin et al. (2017, 2019a). The dissolved silicon concentrations of water samples were carried out at 
Nanjing FocuMS Technology Co. Ltd. using ICP-OES (Agilent 5110). The standard solution was prepared from 
China standard GSBG 62007-90 (1401) and was treated as quality control. The analytical precision was better 
than 5% for repeated analyses.

3.3. Mg Isotope Analytical Methods

Stream, groundwater, lake water samples, dissolved hydromagnesite samples, and the digestions of the bulk 
lake sediment of lake sediments were analyzed for Mg isotope ratios. About 10 mg of hydromagnesite powders 
were dissolved using 1 mL 1 M 𝐴𝐴 𝖧𝖧𝖧𝖧𝖧𝖧3 in perfluoroalkoxy alkane beakers at room temperature overnight, then 
diluted in 5 mL deionized water. A 0.1 ml aliquot of the solution was diluted to 5 mL for elemental concen-
tration measurement using ICP-OES. Chemical separation and Mg isotope analyses of the selected liquid and 
solid samples were performed at the State Key Laboratory for Mineral Deposits Research of Nanjing University 
following the protocol described by Hu et al.  (2017). Based on the measured Mg content, an aliquot of each 
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sample solution (liquid samples and dissolved bulk sample powders) that contained 50 μg Mg was processed to 
separate Mg from the matrix elements. Samples were firstly loaded onto a quartz glass column containing 1 mL 
Biorad cation exchange resin AG50W-X12 (100–200 mesh). On the second column, samples were loaded onto 
a custom-made Teflon column containing 0.2 mL Biorad cation exchange resin AG50W-X8 (100–200 mesh). 
More than 99% of the initial Mg was recovered after these two column treatments, and the matrix elements were 
less than 1% of Mg. The total procedural blank was estimated as less than 30 ng for Mg (Xia et al., 2020). USGS 
igneous rock standards (DTS-2) and IAPSO seawater were treated as unknown samples for column purification 
to monitor the chemical separation process and verify the accuracy of the method. Mg isotopic compositions were 
analyzed on Thermo Fisher Scientific Neptune Plus MC-ICP-MS with the sample-standard bracketing method at 
low-mass-resolution mode, using a 100 μL/min self-aspirating Glass Expansion nebulizer and an SIS glass spray 
chamber. Samples were analyzed bracketed by an in-house Mg standard (Lot No. HPS909104). The concentra-
tion of samples matched the in-house standard to within 10%. The 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 of the in-house standard was determined 
as −0.67‰ ± 0.1‰ relative to international standard DSM3 (Li et al., 2011, 2019). All Mg isotopic data were 
normalized to DSM3 using conventional delta notation to express per thousand deviations from DSM3:

𝛿𝛿
26Mg(‰) =

(26Mg∕24Mg)sample − (26Mg∕24Mg)DSM3

(26Mg∕24Mg)DSM3

× 1, 000 (1)

A 40  s on-peak acid blank was measured before each analysis and typical instrument backgrounds were 
0.5 mV. Before the sample analysis, the mono-elemental international standards Cambridge-1 and DSM3 were 
measured to verify the accuracy of our Mg isotope measurements (DSM3 = 0.03 ± 0.11‰, 2SD, n = 2 and 
Cambridge-1 = −2.59‰ ± 0.04‰, 2SD, n = 2). Both 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 and 𝐴𝐴 𝐴𝐴
25𝖬𝖬𝖬𝖬 are reported. The slope between 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 
and 𝐴𝐴 𝐴𝐴

25𝖬𝖬𝖬𝖬 on a three-isotope plot (Figure S1 in Supporting Information S1) is 0.515, which is intermediate 
between the theoretical equilibrium and kinetic fractionation lines (Young et  al.,  2002). The typical repro-
ducibility of 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 for individual samples based on averages of replicate analyses is 0.07‰. The long-term 
external reproducibility (2SD) was assessed from six replicates of IAPSO seawater through chemistry yielding 

𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬  = −0.80‰ ± 0.07‰. DTS-2 yielded a 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬  = −0.31‰ ± 0.11‰. The absolute values of these stand-
ards are within the uncertainty of other laboratories and previous studies (Tipper et al., 2006a, 2006b). Where the 
uncertainty of an individual sample is lower than the external reproducibility determined by replicates through 
chemistry, the external uncertainty should be applied.

3.4. Sr Isotope Analytical Methods

The Sr isotope data of water samples discussed in the present study were previously reported in Lin et al. (2019a). 
Since Mg isotopes were measured on the same samples, the data is discussed again in the context of the new 
Mg isotope data in the present study. In this study, three dissolved lake sediments samples and an aliquot of 
the digested and leached samples were dried down and converted to nitrate form by drying in 0.5 ml 𝐴𝐴 𝖧𝖧𝖧𝖧𝖧𝖧3 , 
re-dissolved in 3.5  M 𝐴𝐴 𝖧𝖧𝖧𝖧𝖧𝖧3 for ion exchange purification. Strontium was separated using a cation exchange 
procedure using 100–200 mesh AG50W-X8 resin. The column was repeated to ensure complete separation of 
Ca. 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios were determined on a Finnigan Triton Thermo ionization mass spectrometer. 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios 

were corrected for mass fractionation by normalizing to 𝐴𝐴
86𝖲𝖲𝖲𝖲∕88𝖲𝖲𝖲𝖲  = 0.1194 with an exponential law. Repeated 

measurements of Sr standard NBS987 yielded 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲  = 0.710259 ± 0.000015 (2SD).

4. Results
4.1. Mineralogy and Geochemistry of Hydromagnesite and Lake Sediments

XRD measurements of the Holocene hydromagnesite reveal aragonite is a minor phase (<5%; Table S1 in 
Supporting Information S2, Figure 2). The 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values of the hydromagnesite samples (a mixture of arago-
nite and hydromagnesite) are homogenous (mean = −1.35‰ ± 0.14‰, 2SD, Table S2 in Supporting Infor-
mation S2) and lower than 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values of modern lake waters (mean = −0.16‰, see below). A similar offset 
between contemporary hydromagnesite and associated waters has been observed in other lakes, playas, and 
synthetic hydromagnesite (Mavromatis et al., 2021; Oelkers et al., 2018; Shirokova et al., 2013). The modern 
lake sediments are comprised of clay minerals, quartz, K-feldspar, calcite, and dolomite with no hydromagnesite 
(Table S1 in Supporting Information S2). The clay minerals consist mainly of Illite and I/S, with minor kaolinite 
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and chlorite (Figure 2). The 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios of the bulk sediment are very different from the modern lake waters, 

streams, and hydromagnesite (see below). The calcite and dolomite may be authigenic in origin. The hydro-
magnesite crystals are plate-like in morphology with no conclusive evidence of microbe, submicron to several 
microns in width, and ∼100 nm in thickness (Figure 3). The 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 of bulk lake sediments ranges from −0.22‰ 
to −0.66‰ but because these are bulk measurements cannot be related to the contemporary lake waters because 
they likely contain detrital minerals.

4.2. Water Chemistry

The Mg contents of the stream and groundwaters are high (0.367–2.425 mmol/L, Table S3 in Supporting Infor-
mation S2), but their Mg/Ca molar ratios (range of 0.2–2.6) are lower than the modern lake water (range of 
2.7–6.8). This is typical of many other stream and lake waters (Figure 4a). Literature data of Mg/Ca ratios from 
rivers draining different rock types were compiled from the GloRICH data base (Hartmann et al., 2014) to assess 
the impact of lithology on the Mg/Ca ratio (Table S4 in Supporting Information S2). The Mg/Ca ratio of natural 
waters increases as the proportion of mafic and ultramafic rocks in a catchment increases (Figure 4, means of 0.9, 
1.1, and 9.6, for catchments draining <15% mafic rocks, >85% mafic rocks, and mono-lithological ultramafic 

Figure 2. X-ray diffraction (XRD) patterns of the studied hydromagnesite samples and modern lake sediments from Dujiali Lake. (a) Bulk samples; (b) the diffraction 
pattern of clay minerals. N, Air-dried oriented clay samples; EG, Ethylene glycol-saturated clay samples; T, clay samples post-heating to 550𝐴𝐴

◦𝖢𝖢 .

 21699011, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JF006907 by T

rent U
niversity, W

iley O
nline L

ibrary on [14/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Earth Surface

LIN ET AL.

10.1029/2022JF006907

7 of 19

catchments respectively, significance confirmed by t-test-P values < 0.001). All these stream water Mg/Ca ratios 
are lower than alkaline lakes (mean of 14.5, n = 150, data sources in Table S5 in Supporting Information S2, 
Figure 4). Currently, input and DL waters are undersaturated with respect to hydromagnesite.

Stream and groundwater 𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬 values range from −0.53‰ to −1.46‰ (Table S2 in Supporting Information S2, 

Figure 4c), typical of river and groundwaters (Tipper et al., 2006a). Similar to the Mg/Ca ratio, the 𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬 values 

of lake waters are higher than input waters, ranging from −0.07‰ to +0.46‰ (mean = −0.16‰, Figure 4). 
𝐴𝐴

26𝖬𝖬𝖬𝖬 enrichment is observed in other alkaline lakes and playas, compared to their input waters (Mavromatis 
et al., 2021; Shirokova et al., 2013; P. Zhang et al., 2021).

Both modern lake water and Holocene hydromagnesite 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios (which presumably provides a record 

of the aqueous 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratio at the time of formation) are within the range of modern inputs (Figure 4b, Table 

S2 in Supporting Information S2). However, the 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios of modern lake water range from 0.708873 to 

0.709353, similar to the minimum of measured input waters (0.708964  to 0.710363). The 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios of 

Holocene hydromagnesite ranged from 0.710045  to 0.710057, and is distinct from the modern lake. Typical 
uncertainties for  87Sr/ 86Sr ratios are smaller than 0.000008.

Figure 3. Representative scanning electron micrographs showing interlocking platy hydromagnesite crystals, which are 
typical of abiotic formation.

Figure 4. Dujiali Lake, input waters, and hydromagnesite compositions: (a) Mg/Ca ratios. Marginal density plots show (1) the GloRICH rivers database (Hartmann 
et al., 2014) filtered by catchments with <85% basalt in the catchment area, and <15% basalt, (2) small rivers draining only ultramafic rocks (Table S4 in Supporting 
Information S2), and (3) alkaline lake waters (Table S5 in Supporting Information S2). Dashed lines are the medians of each distribution. (b) Sr isotope ratios, (c) 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 
ratios. The marginal histogram shows a literature compilation of river waters, lakes and playas, and lake waters and hydromagnesite 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values (data source in Table 
S6 in Supporting Information S2).
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5. Discussion
5.1. Abiotic Origins of Authigenic Hydromagnesite

The occurrence of hydromagnesite in alkaline lakes around the world is commonly (but not exclusively) associ-
ated with microbial mats and stromatolites (Braithwaite & Zedef, 1996; Gérard et al., 2013; Power et al., 2009; 
Renaut & Long, 1989; Sanz-Montero et al., 2019), or is stratabound (Goto et al., 2003; Jiang et al., 2021; Lin 
et al., 2017). Although microbes are known to mediate hydromagnesite formation under alkaline conditions, the 
exact role of microorganisms is poorly understood (Sanz-Montero et al., 2019). Laboratory experiments with 
cyanobacteria, using natural lake waters where hydromagnesite precipitates in the modern system (e.g., Bangkog 
Co, Tibet, and Atlin playa, Canada) precipitated dypingite 𝐴𝐴 (𝖬𝖬𝖬𝖬5(𝖢𝖢𝖢𝖢3)4(𝖢𝖢𝖮𝖮)2 ⋅ 5𝖮𝖮2𝖢𝖢) rather than hydromagnesite 
(Jiang et al., 2021; Power et al., 2007). Power et al. (2007) suggested that the biologically mediated formation of 
dypingite could likely be a precursor for the formation of hydromagnesite via dehydration. However, dypingite 
cannot transform to hydromagnesite at a temperature lower than 100𝐴𝐴

◦𝖢𝖢 (Yamamoto et al., 2022). This transfor-
mation seems unlikely in the cold and arid QTP. Inorganic laboratory experiments have successfully precipitated 
hydromagnesite under various physical-chemical conditions (Berninger et al., 2014; Gautier et al., 2014), demon-
strating that hydromagnesite can form in the absence of microbial activity.

SEM imaging of hydromagnesite crystals from DL demonstrates a plate-like morphology suggestive of an inor-
ganic precipitation pathway (Power et al., 2019), with no conclusive evidence of microbes (Figure 3). Hydro-
magnesite precipitation associated with microbial mats typically forms radiating aggregates of hydromagnesite 
crystals because of the progressive deposition of plate-like crystals of hydromagnesite on the bacterial cells, 
which entomb the bacteria (Sanz-Montero et al., 2019). Finally, the 𝐴𝐴 𝐴𝐴

13𝖢𝖢V-PDB and 𝐴𝐴 𝐴𝐴
18𝖮𝖮V-PDB values of hydromag-

nesite in DL are positive, ranging from +5.3‰ to +6.5‰ and +4.1‰ to +5.2‰ respectively (Lin et al., 2017). 
This indicates (a) that microbial activity is minor and (b) that authigenic carbonate crystallizing from evaporated 
water is the dominant precipitation process in an evaporitic and abiotic environment.

5.2. Sr Isotope Constraints on Sources of Water Past and Present

The representability of the sampled stream and groundwaters for supplying solutes to the lake can be assessed 
with Sr isotopes (Lin et al., 2019a; Figure 4b). Streams and groundwaters have a considerable range in 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 
ratios between 0.709 and 0.711 (Table S2 in Supporting Information S2). The modern lake water 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios 
show a significant but narrower range (0.7089–0.7094), that is between the range of the modern inputs (within 
uncertainty). Although the lake water 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios fall within the range of modern inputs, they are at the low 
end of the modern inputs. This suggests that the two samples with the lower 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios are more repre-
sentative of the modern inputs to the lake than the two samples with the higher 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios. In addition, the 
𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios of the bulk sediment are very different to the modern lake waters, streams, and hydromagnesite, 
suggesting an external detrital source and it is probable that clays, chlorite, quartz, and feldspar are supplied by 
streams or wind-blown dust. The 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios of Holocene hydromagnesite are distinct from the modern lake, 
indicating a change in hydrological regime since the Holocene.

The 𝐴𝐴
87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios of the Holocene hydromagnesite samples exhibit a narrow range from 0.71005 to 0.71006. 

This is higher than the modern lake waters, but within the range of the modern input waters, suggesting that at 
the time of hydromagnesite deposition, the input waters with higher 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios provided a more significant 
source of Sr compared to the modern system. Indeed, the stream water with the second highest 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratio 
sample has the highest Mg/Ca ratio (DJS03), suggesting that the discharge-weighted Mg/Ca ratio in the past 
might have been higher than the present day. Although the input waters may have varied in composition within 
the range provided by modern 𝐴𝐴

87𝖲𝖲𝖲𝖲∕86𝖲𝖲𝖲𝖲 ratios, given that all the input waters have lower 𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬 values and Mg/

Ca ratios compared with the modern lake, we argue that it is unlikely that the source composition of the input 
waters could have varied to the extent that 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values and Mg/Ca ratios are equal to those in the modern 
lake. Furthermore, it is likely that at the time of hydromagnesite formation, the Mg/Ca ratio of the lake water 
would have been even greater than that of the present day, making the difference in 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values and Mg/Ca 
ratios between the lake and input waters even greater. Therefore, we argue that the difference in 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values 
and Mg/Ca ratios between the stream waters and the lake is sustained by a fractionation associated with low-Mg 
carbonate (e.g., aragonite and/or low-Mg calcite) formation. Whilst the lake water 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 could be enriched in 
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𝐴𝐴
26𝖬𝖬𝖬𝖬 by both hydromagnesite and/or low-Mg carbonate formation and/or Mg clay formation, the Mg/Ca ratio of 
the lake waters can only be increased by low-Mg carbonate formation.

Differences between the chemistry of DL and river waters must either be caused by additional inputs of water to 
the lake, with extreme Mg/Ca ratios that weren't sampled, or a process that fractionates both Mg/Ca and 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 
values. Ca is likely to be preferentially removed relative to Mg via elevating the Mg/Ca ratio of the lake water. 
This mechanism is important in aquifers and seawater (Smalley et al., 1994) and some alkaline lakes (Chagas 
et al., 2016; Zeyen et al., 2021). Minor calcite and dolomite were observed in the modern lake sediments. Dolo-
mite was only observed in one of three lake sediments that were collected from a small depression on the edge 
of the lake that was likely isolated from the lake in the past, suggesting the dolomite has not precipitated from 
the present-day lake. Dolomite is rare in alkaline lakes and playa containing hydromagnesite deposits (Chagas 
et al., 2016; Zeyen et al., 2021), and its precipitation is kinetically inhibited at Earth surface temperatures and 
pressures and may not even occur when supersaturated in solution (Al Disi et al., 2021). Although dolomite could 
explain the Mg isotope offset between the input water and the lake, it is not considered further in the model that 
is developed below since it is not thought to form from the modern lake water. Calcite precipitation is typically 
inhibited at high Mg/Ca ratios (De Choudens-Sanchez & Gonzalez, 2009), and is not observed to precipitate 
contemporaneously with the hydromagnesite, and is also not considered in the model.

5.3. A Semi-Quantitative 1D Box Model

To evaluate whether low-Mg carbonate may elevate the Mg/Ca and Mg isotope ratio of the lake water, a 
semi-quantitative 1D box model was developed. An elemental flux from the ground and river waters supply the 
lake 𝐴𝐴

(

𝐽𝐽
𝑖𝑖

𝑖𝑖𝑖𝑖

)

 for chemical species i, for example, 𝐴𝐴 𝖢𝖢𝖢𝖢2+,𝖬𝖬𝖬𝖬2+,𝖧𝖧𝖢𝖢𝖧𝖧−
3
 . The elemental flux from the lake 𝐴𝐴

(

𝐽𝐽
𝑖𝑖

out

)

 consists 
of carbonate sedimentation (aragonite, or hydromagnesite; both detected in the hydromagnesite deposit) or clay 
(present in modern sediments). The temporal variation of solutes in the lake 𝐴𝐴

(

𝑁𝑁
𝑖𝑖

Lake

)

 is given by:

𝑑𝑑
(

𝑁𝑁
𝑖𝑖

Lake

)

𝑑𝑑𝑑𝑑
=
∑

(

𝐽𝐽
𝑖𝑖

𝑖𝑖𝑖𝑖
− 𝐽𝐽

𝑖𝑖

out

) (2)

For carbonate output:

Ca2+ + 2HCO−
3⇒CaCO3 + CO2 + H2O (3)

5Mg2+ + 4CO2−
3 + 2OH− + 4H2O⇒Mg5(CO3)4(OH)2 ⋅ 4H2O (4)

𝐴𝐴 𝐴𝐴
𝐶𝐶𝐶𝐶

out
 and 𝐴𝐴 𝐴𝐴

Mg

out  are linked via a partition coefficient (Kd) for Mg in aragonite via the equation:

𝐽𝐽
Mg

out

𝐽𝐽
Ca
Out

= 𝐾𝐾𝑑𝑑 × (Mg∕Ca)lake (5)

The chemical equilibrium between the output mineral phases and lake water at each time-step provides a negative 
feedback, preventing runaway fractionation of 𝐴𝐴 𝖬𝖬𝖬𝖬∕𝖢𝖢𝖢𝖢 ratios (or 𝐴𝐴 𝐴𝐴

26Mg values) forcing the model to a steady state.

The 𝐴𝐴 𝐴𝐴
26Mg of the lake water and mineral output was determined using the equation:

𝑑𝑑
(

𝑁𝑁Mg ⋅ 𝛿𝛿
26Mglake

)

𝑑𝑑𝑑𝑑
=
∑

(

𝐽𝐽
Mg

𝑖𝑖𝑖𝑖
⋅ 𝛿𝛿𝑖𝑖𝑖𝑖 − 𝐽𝐽

Mg

out ⋅ 𝛿𝛿out

)

 (6)

where δ refers to 𝐴𝐴 𝐴𝐴
26Mg . δout is related to the isotopic composition of the lake, 𝐴𝐴 𝐴𝐴

26Mg , by the fractionation factor  Δ:

𝛿𝛿out = Δ ⋅ 𝛿𝛿
26Mglake (7)

where Δ refers to the fractionation factor between aqueous Mg and either aragonite, hydromagnesite, or clay.

5.3.1. Model Inputs to the Lake

The inputs to the lake were assumed to have the mean of the chemical composition of modern the river and 
groundwaters (Table S8 in Supporting Information S2). 𝐴𝐴 𝗉𝗉𝗉𝗉𝗉𝗉2 of the lake water was set to be in equilibrium with 
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pre-industrial atmospheric levels (280 ppm). Sensitivity testing 𝐴𝐴 𝗉𝗉𝗉𝗉𝗉𝗉2 (from pre-industrial to modern 𝐴𝐴 𝖢𝖢𝖢𝖢2 concen-
trations) demonstrated insignificant changes in lake water pH with fixed chemical parameters.

The input discharge was estimated from the 𝐴𝐴 𝖢𝖢𝖢𝖢− concentration of the lake and the average river water, assuming 
that 𝐴𝐴 𝖢𝖢𝖢𝖢− is a conservative element, with no output from the lake since it was last dry and by estimating the resi-
dence time (τ) of 𝐴𝐴 𝖢𝖢𝖢𝖢− from the residence time equation (Richter et al., 1992):

𝜏𝜏 = 𝑁𝑁
𝐶𝐶𝐶𝐶−
Lake

∕𝑁𝑁𝐶𝐶𝐶𝐶−
𝑖𝑖𝑖𝑖 (8)

where τ is the residence time, 𝐴𝐴 𝐴𝐴
𝐶𝐶𝐶𝐶−
Lake

 is the mass of 𝐴𝐴 𝖢𝖢𝖢𝖢− in the lake, and 𝐴𝐴 𝐴𝐴
𝐶𝐶𝐶𝐶−
𝑖𝑖𝑖𝑖

 is the flux of 𝐴𝐴 𝖢𝖢𝖢𝖢− to the lake (product 
of discharge and concentration). The total mass of 𝐴𝐴 𝖢𝖢𝖢𝖢− in the lake is given by the product of the lake volume 
(estimated at 2.4e 8m 3 assuming an average water depth of 3 m) and mean 𝐴𝐴 𝖢𝖢𝖢𝖢− concentration of 22,547 μmol/L 
(Table S6 in Supporting Information S2). Given that the lake was dry in the 1980s, a residence time was estimated 
at between 20 and 40 years. This implies a range in the discharge of 5–10 cumecs and a typical discharge was 
therefore estimated as 7 cumecs. This discharge implies that there must either be a continual increase in water 
volume, or that there must be a significant level of evaporation. For example, to maintain constant water volume, 
an evaporation factor (defined as the annual loss of water from the lake) of 2 would be required to maintain a 
constant volume. Loss of water via evaporation and/or freezing was considered by evaluating the model over a 
range of evaporation factors from 2 to 4, concentrating the solutes of the lake waters and scaling the input fluxes 
by reducing the discharge by the evaporation factor.

5.3.2. Model Outputs From the Lake

The output from the lake was determined assuming the lake water was at equilibrium with aragonite, hydromag-
nesite, and/or sepiolite 𝐴𝐴 (𝖬𝖬𝖬𝖬4𝖲𝖲𝖲𝖲6𝖮𝖮15(𝖮𝖮𝖮𝖮)2 ⋅ 6𝖮𝖮2𝖮𝖮) , an Mg-rich clay of the smectite group found in lake sediments 
(Mulders & Oelkers, 2020), used as a control for clay mineral formation. Sepiolite does not contain iron or alumi-
num; these two components are not readily available in the lake water, making it a good candidate for Mg removal 
via clay. These three phases were chosen on the basis that aragonite and hydromagnesite are observed to co-exist 
in the hydromagnesite deposit. The model does not account for dolomite formation as discussed above. At each 
time-step of the box model, phase equilibria were calculated using PHREEQC (Parkhurst & Appelo, 2013) at 
1°C, assuming that the equilibrium phases aragonite, hydromagnesite, and sepiolite could precipitate provided 
that saturation state conditions were met. All phase equilibria were calculated in PHREEQC implemented in R 
(version 4.1.1) using the phreeqc and tidyphreeqc (https://github.com/paleolimbot/tidyphreeqc.git) libraries. The 
ThermoddemV1.10 (Blanc et al., 2012) was used for all calculations. For aragonite the saturation index (SI) for 
precipitation was assumed to be 0, for sepiolite, the SI was assumed to be 1, and for hydromagnesite, the influ-
ence of different SI between 1 and 5 was investigated, equivalent to considering a range of kinetic overstep for 
nucleation and growth. It is noted that although the calculations were made at 1°C,   the thermodynamic data in 
the database were determined at higher temperatures and was extrapolated to 1°C.

5.3.3. Additional Model Variables and Model Implementation

The model accounts for the sources and sinks of the species 𝐴𝐴 𝖢𝖢𝖢𝖢2+ , 𝐴𝐴 𝖬𝖬𝖬𝖬2+ , 𝐴𝐴 𝖲𝖲𝖲𝖲 , and 𝐴𝐴 𝖧𝖧𝖧𝖧𝖧𝖧−
3
 , through the supply via 

streams and sink via aragonite, hydromagnesite, and sepiolite. There is no sink in the model for the elements 𝐴𝐴 𝖭𝖭𝖭𝖭+ , 
𝐴𝐴 𝖪𝖪+ , 𝐴𝐴 𝖢𝖢𝖢𝖢− , and 𝐴𝐴 𝖲𝖲𝖲𝖲2−

4
 and these elements accumulate in the lake progressively, increasing the salinity.

Model solutions were investigated for a Kd between 0.001 and 0.005. This range is high (Mavromatis et al., 2022) 
testing the maximum sensitivity of the model to the incorporation of Mg in aragonite. The fractionation factor 
for hydromagnesite was evaluated as a variable, between 0‰ and −1‰ (Mavromatis et  al.,  2021; Oelkers 
et  al.,  2018; Shirokova et  al.,  2013). The fractionation factor for aragonite was also evaluated as a variable, 
between 0‰ and −2‰ (Son et al., 2020; Wang et al., 2013; Wombacher et al., 2011). The fractionation factors 
associated with clay minerals are poorly known (Hindshaw et al., 2020; Voigt et al., 2020), but are generally 
<1‰ in magnitude. To evaluate the sensitivity of 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖬𝖬𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧 and 𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬𝖫𝖫𝖫𝖫𝖫𝖫𝖫𝖫 to the impact of the incorpora-

tion of Mg into clays, a fractionation factor of 1‰ for sepiolite was assumed, and model output compared with 
and without sepiolite formation.

Equations 2 and 6 were evaluated by finite difference with a time-step of 0.05 years. The calculated amount of 
aragonite, hydromagnesite, and sepiolite was converted to the molar output from the lake at each time step, and a 
new lake composition was determined, taking into account the mineral stoichiometry. The model does not assume 
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a steady state, but because the output from the lake is a function of the lake chemistry, the lake chemistry acts 
as feedback on the lake output, meaning that the model will self-adjust to a steady state for most sets of input 
parameters. A “control” model was also run, with no precipitation of sepiolite, to enable a comparison of 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 
values with and without clay formation in the lake. For both “control” and default models, a total of 3,750 differ-
ent permutations of parameter space were evaluated.

5.4. Model Results

5.4.1. Water Balance and Chemical Concentrations

Changing the degree of evaporation changes the steady-state volume of water in the lake (Figure 5). Evidently, 
the volume of water in the lake has not remained at a steady state since the lake was dry in the 1980s. Drying of 
the lake increases the concentrations of solutes in the lake. The increase in solutes, in turn, increases the satu-
ration states of minerals (aragonite, hydromagnesite, and sepiolite), causing precipitation which then decreases 
the concentration of solutes in the lake until a steady state is reached. The modeled Mg concentrations have 
an additional level of complexity in the model, because of the parameterization of the SI of hydromagnesite 

𝐴𝐴
(

𝖲𝖲𝖲𝖲𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧

)

 precipitation between 1 and 5. Whilst evaporation is the dominant control on Mg concentrations, 
the dispersion at each level of evaporation on Figure 5c is caused by changing the SI index for hydromagnesite 
precipitation between 1 and 5.

5.4.2. Mineral and Mg Output From the Lake

The highest modal fraction of hydromagnesite predicted by the model was 86% (Figure 6), approximately 10% 
lower than the observed value. Out of the 3,750 modal runs over different combinations of input parameter space 
(𝐴𝐴 𝖪𝖪𝖪𝖪𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠 , evaporation, 𝐴𝐴 𝖲𝖲𝖲𝖲𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁 , 𝐴𝐴 Δ𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠𝖠 , and 𝐴𝐴 Δ𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧𝖧 ), 600 reached modal hydromagnesite >85%. 

Figure 5. The variation of dimensionless lake volume, Ca and Mg concentration colored by the degree of evaporation.

Figure 6. Histograms of modal mineralogy of model output, where each count corresponds to one of the 3,750 different 
combinations of parameter space investigated. Upper plots are the control model, where no Mg clay (sepiolite) was permitted 
to precipitate.
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This is close to the observed modal mineralogy of the hydromagnesite deposit with >95% hydromagnesite and 
<5% aragonite. This maximum modal value of hydromagnesite was the same, regardless of whether or not clay 
was permitted to precipitate, although the total modal proportions of hydromagnesite are lower (Figure 6). This, 
combined with the lack of clay observed in the hydromagnesite, makes clay formation during the deposition of 
the hydromagnesite unlikely. When the clay was included in the model, the maximum modal fraction of clay at 
any individual time step was <30% (Figure 6c). This is lower than the observed clay fraction in the modern lake 
sediments, but it is noted that a given proportion of these clays are probably detrital in origin.

Since the Mg content of aragonite is small (as constrained by the partition coefficient) the percentage of Mg in 
aragonite is only ever appreciable when neither hydromagnesite nor sepiolite precipitate (Figure 7). The percent-
age of Mg in sepiolite only ever exceeds 20% in the model scenarios where hydromagnesite does not precipi-
tate. In contrast, the majority of the model runs have a percentage of Mg in hydromagnesite in excess of 80% 
(Figure 7).

5.4.3. Lake Mg/Ca Ratios and Hydromagnesite Formation

The model results show that aragonite precipitation increases the Mg/Ca ratios of the lake over time to a maxi-
mum value of ∼56 (Figure 8, Figure S2 in Supporting Information S1). The time of the Mg/Ca peak depends 
on the input flux, relative to the mass of solutes in the lake. The onset of hydromagnesite precipitation reduces 
the Mg/Ca to a steady state value close to the input value. The model predicts a wide envelope of Mg/Ca ratios, 
mostly dependent on (a) the degree of evaporation/freezing of the lake water (Table S9 in Supporting Informa-
tion S2) which elevates concentrations of chemical species compensating removal via mineral output, and (b) 
the SI at which hydromagnesite precipitates. Whilst there is a wide range of Mg/Ca ratios across the entirety of 
parameter space, a restricted range of solutions (dark shading on Figure 8a) match the observed modal mineral-
ogy with hydromagnesite ∼85% (contour lines on Figure 8a) for a transient period.

These model solutions are insensitive to 𝐴𝐴 𝖪𝖪𝖽𝖽 (Aragonite) but they are strongly dependent on 𝐴𝐴 𝖲𝖲𝖲𝖲𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁 and 
evaporation with modal hydromagnesite >85% requiring 𝐴𝐴 𝖲𝖲𝖲𝖲𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁   <2 and a degree of evaporation >3.5. 

𝐴𝐴 𝖲𝖲𝖲𝖲𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁 is qualitatively related to the energy overstep that is required to nucleate hydromagnesite, suggesting 
that the degree of supersaturation might be relatively low for the spontaneous nucleation of hydromagnesite in 
these natural conditions.

A key feature of hydromagnesite deposits in alkaline lakes (and playas) is the mixture of hydromagnesite and 
aragonite (Braithwaite & Zedef, 1996; Goto et al., 2003; Power et al., 2009). The model predicts continuous stra-
tigraphy where the proportion of hydromagnesite to aragonite increases in DL reaching a peak greater than 85% 
(Figure S4 in Supporting Information S1), close to the observed 95% in bulk hydromagnesite, before decreasing. 
This would predict an alternating sequence of aragonite-rich layers, followed by hydromagnesite-rich layers in 
the lake. There is no core material at DL. However, a core from nearby Selin Co Lake (Figure 1) shows alternat-
ing stratigraphy between Holocene hydromagnesite and low-Mg carbonate (Goto et al., 2003), supportive of the 
model concept.

Figure 7. Histograms of Mg output from the lake by the mineral of model output, where each count corresponds to one 
of the 3,750 different combinations of parameter space investigated. Upper plots are the control model, where no Mg clay 
(sepiolite) was permitted to precipitate.
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5.5. Mg Isotope Constraints on the Evaporative Environments for Hydromagnesite Formation

Mg-rich clays, such as sepiolite, could have a major influence on the δ 26 Mg value of the lake. The sensitivity of 
the model to clay formation as an authigenic phase was tested by allowing clay (sepiolite) to precipitate at a SI of 
1, and compared to a control scenario, where clay formation was negligible, by setting the SI of sepiolite to 50. 
The 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values of the bulk carbonate output for all model runs are compared in Figure 9. The model output is 
relatively insensitive to Mg output via clay, with the difference in 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values between the control model (no 
clay) with the model run with clay output <0.25‰ (Figure 9), largely because the model estimates the Mg output 
via clay to be modest, <20% of the total Mg output.

𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬 values of both the hydromagnesite deposit (mixture of hydromagnesite and aragonite) are controlled by 

both the Mg isotope fractionation factors associated with each of the mineral sinks of Mg, in addition to the frac-
tion of Mg in each mineral (Figure 7), with each mole of hydromagnesite and 
sepiolite containing 5 and 4 mol of Mg respectively. Since the Mg content 
of the aragonite is very small, aragonite could only ever have leverage on the 

𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬 value of the lake water (and by implication the hydromagnesite) if the 

fractionation factor was significantly lower than the minimum value of −2‰ 
that was evaluated by the model.

Of the model solutions that predict modal hydromagnesite >85%, even 
fewer (275 out of 3,750) converged to the observed range of 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values 
in the hydromagnesite deposit (dark shaded area on Figure  8, Figure 
S3 in Supporting Information  S1). These model solutions impose the 
constraint that 𝐴𝐴 𝖲𝖲𝖲𝖲𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁𝗁 < 2 and a degree of evaporation >3.5, and 
Δhydromagnesite <−0.6‰, a reasonable estimate compared to literature values 
(Mavromatis et al., 2021; Oelkers et al., 2018; Shirokova et al., 2013). The 
high evaporation is consistent with carbon and oxygen isotope data from the 
hydromagnesite deposit (Lin et al., 2017), and their positive values are asso-
ciated with evaporative and restricted environments.

5.6. Implication for the Mechanisms of Hydromagnesite Precipitation

The majority of documented occurrences of hydromagnesite are distributed 
in proximity to alkaline lakes and playas in the vicinity of ultramafic rocks 

Figure 8. Example model output as a function of time. (a) Mg/Ca ratio in lake water (blue) and hydromagnesite (brown). 
Horizontal contours are modal mineralogy (aragonite/hydromagnesite). Dark shading indicates the model results that fit 
best with the observed high fraction of hydromagnesite relative to aragonite. (b) δ 26Mg values in lake water (blue) and 
hydromagnesite (brown). Dark shading indicates the range of model solutions consistent with both the modal mineralogy and 
the δ 26Mg. Horizontal dotted lines indicate the range of the modern lake water (blue) and Holocene hydromagnesite (brown). 
The marginal box-plot shows the measured data. The dark shaded area is where model output reaches >85% Aragonite. The 
pale area is all model output.

Figure 9. The difference in 𝐴𝐴 𝐴𝐴
26𝖬𝖬𝖬𝖬 values of bulk carbonate between the 

control model (no clay) and the model output with clay and all time-steps.
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(Braithwaite & Zedef, 1996; Power et al., 2009). In general, the origin of Mg-bearing solutions forming sedimen-
tary hydromagnesite in alkaline lakes and playas is commonly associated with the weathering of ultramafic rocks 
(Braithwaite & Zedef, 1996; Power et al., 2009). However, the Mg/Ca ratios of water draining ultramafic rocks  is 
not always high enough for hydromagnesite formation (Last et al., 2010). These stream water Mg/Ca  ratios are 
lower than alkaline lakes (mean of 14.5, n = 150, Figure 4, data sources in Table S5 in Supporting Informa-
tion S2) and much lower than that required for the precipitation of hydromagnesite (Chagas et al., 2016). The 
chemical weathering of ultramafic rocks provides an important source of Mg to these alkaline lakes and playas 
but the Mg/Ca ratios of these input waters in most settings are seldom high enough for hydromagnesite precipi-
tation (Last et al., 2010). Therefore, it is likely that the removal of 𝐴𝐴 𝖢𝖢𝖢𝖢2+ from lake waters from low Mg carbonate 
precipitation (e.g., calcite and aragonite) occurred prior to hydromagnesite formation.

The modes for hydromagnesite formation in alkaline lakes such as Dujiali, demonstrate a period of time where the 
combination of hydrology and climatic conditions were conducive to large-scale hydromagnesite precipitation that 
is distinct from the modern environment. Significant lake expansion has occurred in QTP in recent decades (Liu 
et al., 2021), including DL, due to the increase of precipitation and meltwater from ice, which might be the reason 
why hydromagnesite precipitated during the Holocene but not at the present day. In this study, we simulated the 
behavior of the carbonate system during the hydrochemical evolution of lake chemistry under evaporation scenar-
ios. As discussed above, intense evaporation, high alkalinity, and high Mg/Ca ratios are important environmental 
factors in favor of hydromagnesite precipitation. In this setting, evaporation contributes to increased salinity and 
alkalinity of lake waters, driving aragonite precipitation which in turn increased Mg/Ca ratios. The high Mg/
Ca ratios and alkalinity are key drivers of hydromagnesite formation in the majority of alkaline lakes and playas 
(Figure 10), which was supported by the common field observation from alkaline lakes and playas that hydromag-
nesite and aragonite co-exist (Braithwaite & Zedef, 1996; Goto et al., 2003; Power et al., 2009; Zeyen et al., 2021).

6. Conclusion
The presence of hydromagnesite in alkaline lakes requires high Mg/Ca ratios, and was previously mainly attrib-
uted to the weathering of ultramafic lithologies. At DL, ultramafic rocks are extensive, but presently the Mg/Ca 

Figure 10. Conceptual model of hydromagnesite formation process in Dujiali Lake.
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ratios of input waters are much lower than that required for hydromagnesite precipitation. Differences between 
the chemistry of alkaline lakes and recharge waters are most likely caused by a process which fractionates Mg/
Ca ratios and 𝐴𝐴 𝐴𝐴

26𝖬𝖬𝖬𝖬 values. A semi-quantitative box model of the lake chemistry was developed using Phreeqc to 
investigate the behavior of the carbonate system and Mg isotopes during the evolution of the lake chemistry. Here, 
we suggest an alternative/additional control on hydromagnesite formation in alkaline lakes is low-Mg carbonate 
(aragonite) precipitation under evaporative conditions. We note that at a global scale rivers, groundwater, and 
lakes do not typically have Mg/Ca ratios great enough to precipitate hydromagnesite. Although the ultramafic Mg 
source rocks are important for hydromagnesite precipitation, the influence of an essential precursor that removes 
Ca in a greater proportion than Mg is required for spontaneous hydromagnesite precipitation. This study provides 
an improved understanding of the modes of sediment deposition and environmental conditions at the time of 
hydromagnesite deposition, which may be a natural analog for some strategies of 𝐴𝐴 𝖢𝖢𝖢𝖢2 mineral carbonation.

Data Availability Statement
All data used in this study are stored on Zenodo (https://zenodo.org/record/6981702#.YvUwNOzMLfA). All 
phase equilibria were calculated in PHREEQC (Parkhurst & Appelo, 2013) implemented in R (version 4.1.1) 
using the phreeqc and tidyphreeqc libraries (https://github.com/paleolimbot/tidyphreeqc.git). The Thermod-
demV1.10 (Blanc et al., 2012) was used for all calculations.
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